We analyze the association of galaxies to Lyα and O VI absorption, the most commonly detected transitions in the low-z intergalactic medium (IGM), in the fields of 14 quasars with z em = 0.06-0.57. Confirming previous studies, we observe a high covering fraction for Lyα absorption to impact parameter ρ = 300 h −1 72 kpc: 33/37 of our L > 0.01L * galaxies show Lyα equivalent width W Lyα ≥ 50 mÅ. Galaxies of all luminosity L > 0.01L * and spectral type are surrounded by a diffuse and ionized circumgalactic medium (CGM), whose baryonic mass is estimated at ∼ 10 10.5±0.3 M ⊙ for a constant N H . The virialized halos and extended CGM of present-day galaxies are responsible for most strong Lyα absorbers (W Lyα > 300 mÅ) but cannot reproduce the majority of observed lines in the Lyα forest. We conclude that the majority of Lyα absorption with W Lyα = 30-300 mÅ occurs in the cosmic web predicted by cosmological simulations and estimate a characteristic width for these filaments of ≈ 400 h 72 kpc for sub-L * (0.1L * < L < L * ) galaxies. Similar to our Lyα results, stronger O VI systems (W 1031 > 70 mÅ) arise in the virialized halos of L > 0.1L * galaxies. Unlike Lyα, the weaker O VI systems (W 1031 ≈ 30 mÅ) arise in the extended CGM of sub-L * galaxies. The majority of O VI gas observed in the low-z IGM is associated with a diffuse medium surrounding individual galaxies with L ≈ 0.3L * , and rarely originates in the so-called warm-hot IGM (WHIM) predicted by cosmological simulations.
INTRODUCTION
Ultraviolet absorption-line spectroscopy remains the most efficient and sensitive means of studying the diffuse gas that permeates the universe. This gas, commonly referred to as the intergalactic medium (the IGM) or Lyα forest, is the dominant reservoir of baryons in the universe at all epochs (Prochaska & Tumlinson 2008) . It provides fresh fuel for star-formation and collects the radiation and metals produced by galaxies and active galactic nuclei. Furthermore, the IGM is expected to trace the dark matter distribution of large-scale structure, offering unique constraints on our cosmological paradigm (e.g. Miralda-Escudé et al. 1996; Rauch 1998; McDonald et al. 2006; Viel et al. 2009 ).
Analysis of quasar spectra acquired with UV-sensitive spectrometers on the Hubble Space Telescope (HST) and Far-Ultraviolet Spectroscopic Explorer (FUSE) have surveyed the redshift distribution, metal-enrichment, ionization state, and temperature of the IGM in the z < 1 universe (e.g. Weymann et al. 1998; Davé et al. 1999; Prochaska et al. 2006; Thom & Chen 2008b; Tripp et al. 2008; Danforth & Shull 2008; Cooksey et al. 2010 ). These studies have demonstrated, similar to the high z IGM, that the gas collects in a set of relatively discrete 'lines' in redshift, has a high ionization fraction, and is often enriched with heavy metals (e.g. C, O). The Lyα forest is significantly sparser at z < 1, however, because of the steady expansion of the universe. The cosmic abundance of heavy metals also appears to have evolved (e.g. Prochaska et al. 2004; Danforth & Shull 2008; Cooksey et al. 2010) , although the scatter for individual regions is large.
Over the past decade, extra attention has been placed on the search for a warm-hot phase of the IGM (T 10 6 K) that is predicted by cosmological simulations to be a major baryonic reservoir in the low z universe (Cen & Ostriker 1999; Davé et al. 2001 ). In the UV, the search for this so-called WHIM (warm-hot intergalactic medium) includes surveys for the O VI doublet (e.g. Tripp et al. 2008; Thom & Chen 2008b ) searches for thermally broadened Lyα lines (e.g. Lehner et al. 2007 ) and, most recently, surveys for Ne VIII absorption (Savage et al. 2005; Narayanan et al. 2009 ). Owing to its greater ease of detection, the O VI doublet has been the most frequently studied transition to date. Focused surveys have characterized its incidence as a function of equivalent width and column density (Tripp et al. 2008; Thom & Chen 2008b; Danforth & Shull 2008; , and have permitted statistical comparison with predictions from cosmological simulations (e.g. Cen et al. 2009; Oppenheimer & Davé 2009 ).
Although UV spectral analysis provides robust constraints on the nature and distribution of diffuse gas, considerable debate remains over the origin and cosmological relevance of the observed absorption systems. For example, hot and diffuse gas is predicted (and observed) to exist in the outer halos of individual galaxies (Spitzer 1956; Bahcall & Spitzer 1969; Mo & Miralda-Escude 1996; Maller & Bullock 2004; Sembach et al. 2003) , the intragroup medium (e.g. Mulchaey et al. 1996; Freeland et al. 2008) , and also the filamentary structures of the IGM (e.g. Cen & Ostriker 1999) . The incidence of O VI, therefore, is likely a sensitive function of how metals are dispersed on galactic and intergalactic scales and also the physical conditions within these various environments (e.g. Oppenheimer & Davé 2009 ). Not surprisingly, groups have drawn competing conclusions on whether the O VI absorbers primarily trace the lowdensity WHIM or a photoionized, cooler phase. Similarly, multiple scenarios may explain the incidence and properties of the Lyα 'clouds' along single IGM sightlines. While ram-pressure stripping, tidal stripping, and galactic-scale winds are all believed to play a role in transporting gas from galaxies to the IGM, the timing and relative importance of each of these remain open issues. In short, there remain several fundamental questions on the origin and nature of the two most common transitions of the IGM.
Researchers have long recognized that additional insight into the IGM may be gained by surveying the fields surrounding absorption-line systems for galaxies and their large-scale structures. Early efforts focused on Lyα absorption and the relation of HI gas to galaxies and large-scale structures (Spinrad et al. 1993; Morris et al. 1993; Lanzetta et al. 1995) . A key results was that sightlines with small impact parameters to galaxies (ρ 250 h −1 72 kpc) had a high incidence of moderate to strong Lyα absorption (Lanzetta et al. 1995; Chen et al. 1998; Tripp et al. 1998; Chen et al. 2001b; Bowen et al. 2002; Morris & Jannuzi 2006) . This indicates galaxies are surrounded by a diffuse, highly ionized medium that gives rise to significant Lyα absorption (see also ). These studies were followed by two-point cross-correlation analysis of galaxies to absorbers on ≈ 1 Mpc scales (Chen et al. 2005; Wilman et al. 2007; Chen & Mulchaey 2009 ) and have recently been extended to z ∼ 1 (Shone et al. 2010) . Their results reveal significant clustering between galaxies and strong Lyα systems (absorbers with HI column density, N HI > 10 15 cm −2 ) that implies a causal connection. In contrast, they measure a very weak or no clustering signal for low-N HI absorption systems which implies the two phenomena trace different structures in the universe. While previous work has offered valuable insight into the nature of the Lyα forest, it is limited by sample variance both in terms of the number of absorbers, galaxies, and fields surveyed.
Several projects have now also considered the galaxy/absorber connection for the metal-enriched IGM, e.g. Mg II, C IV, and O VI selected systems. For the first, observers have commonly associated strong Mg II absorption with individual galaxies at impact parameters ρ < 100 kpc, by searching for galaxies at the redshifts of known Mg II systems (e.g. Bergeron 1986; Bergeron & Boisse 1991) . Indeed, galaxies at low-z show modest to high covering fractions of cool gas (T ∼ 10 4 K) traced by Mg II absorption (Barton & Cooke 2009; Chen & Tinker 2008; Chen et al. 2010 ). This has led to the association of metal-enriched, cool IGM gas with the 'halos' of individual galaxies. Galaxies also exhibit a high covering fraction to C IV absorption for impact parameters ρ 200 kpc (Chen et al. 2001a) . Although the origin of this highly ionized gas is not well established, these results likely require a multi-phase medium in the virialized halos of modern galaxies (Mo & Miralda-Escude 1996) .
The O VI doublet has long been recognized to trace a highly ionized, warm/hot phase of the Galaxy. The original detections associated O VI gas with a Local Bubble surrounding the Sun (York 1974; Savage & Lehner 2006) . A statistical analysis of O VI absorption towards extragalactic sources with FUSE suggests a thick layer of highly ionized gas with a scale height of ≈ 3 kpc . Lastly, studies of O VI absorption toward extragalactic sources reveal a high covering fraction from an inferred halo of collisionally ionized gas at T ≈ 10 5 K (Savage & de Boer 1979; Savage et al. 2003; Sembach et al. 2006) . Similar halos of O VI-bearing gas have been inferred for external galaxies through O VI emission maps (Bregman et al. 2005) . It is evident that some fraction of O VI observed in the IGM must arise from galactic halos.
Connecting O VI gas of the IGM to galaxies and the structures they reside within has been the focus of several recent studies. In Prochaska et al. (2006) , we examined the field surrounding the multiple O VI systems identified along the sightline to PKS0405-123. While the strong absorption at z = 0.167 was notable for its association with two galaxies at small impact parameter (ρ ∼ 100 kpc), additional O VI systems showed no obvious galactic counterparts and/or galaxies only at large impact parameter. A similar diversity of galactic environment has been observed for other sightlines Sembach et al. 2004; Cooksey et al. 2008; Chen & Mulchaey 2009 ). Stocke et al. (2006) performed the first multi-sightline analysis on the galaxy/absorber connection for O VI. For the 9 O VI systems in their fields complete to 0.1 L * galaxies, they estimated a median distance to an L ≥ 0.1L * galaxy of ≈ 180 h −1 70 kpc. Furthermore, they identified an L * galaxy within 800 h −1 70 kpc for essentially each of the 23 O VI absorbers in their survey. They inferred, based on these results, that O VI gas does not occur in galaxy voids. They further hypothesized that galaxies with L ≤ 0.1L * galaxies may be most responsible for O VI absorption. Similar results were found by for a small sample of z ≈ 0 galaxies.
Recently, we published the results of a galaxy survey performed with the WFCCD spectrometer on the 100 ′′ Dupont telescope at Las Campanas Observatory (LCO) in the fields surrounding 20 UV-bright quasars at z < 1 (Prochaska et al. 2011 ). The principal motivation for this survey was to assess the galaxy/absorber connection for O VI gas at z ≤ 0.2. In this paper, we present the first scientific results from our complete survey. Previous papers studied the galaxy/IGM connection in a few, indi- References. b Number of spectroscopically determined galaxy redshifts for objects with 0.005 < z < zem.
vidual fields (Prochaska et al. 2004; Cooksey et al. 2008; Chen et al. 2005; Lehner et al. 2009 ). A future paper will study the cross-correlation function between galaxies and Lyα/O VI absorbers. This paper is organized as follows. In § 2, we summarize the datasets that comprise the galaxy surveys (Prochaska et al. 2011 ) and the characterization of the IGM along the sightlines. The primary results of our analysis of galaxy/absorber association for Lyα and O VI are given in § 3. We discuss the implications for the low-z IGM of these results and their context with respect to previous work in § 4 and we conclude with a summary in § 5. Unless otherwise specified, we adopt a Ω Λ = 0.72, Ω m = 0.28, H 0 = 72 km s −1 Mpc −1 cosmology (Dunkley et al. 2009 ). Furthermore, all distances are quoted in proper units unless otherwise noted.
DATASETS

The LOC/WFCCD Galaxy Survey
We have recently published a survey of galaxies in the fields of 20 quasars with bright UV fluxes (Paper IV), the majority of which have UV spectral datasets that yield precise measurements of Lyα and/or O VI absorption (Table 1 ). The galaxy survey was performed with the WFCCD spectrometer on the 100 ′′ Dupont telescope and was designed to achieve a high level of completeness to R ≤ 19.5 mag galaxies in an ≈ 20 ′ × 20 ′ field centered on each quasar. These survey parameters were chosen to recover dwarf galaxies (L < 0.1L * ) to at least z = 0.1 and to span a ≈ 1 Mpc impact parameter at z ≈ 0.1. With this experimental design, we aimed to study the galaxies and their structures (e.g. groups) associated with IGM absorption. In several analyses (where noted), we also include the galaxy survey in the field of PKS0405-123 published by Williger et al. (2006) .
The fields were selected on the basis of the quasar redshift (higher z was preferred) and UV flux, with some preference given to fields with existing UV spectroscopic datasets. None of the fields were chosen because of the presence of known absorption systems, although an O VI-bearing Lyman limit system at z = 0.167 toward PKS0405-123 had been analyzed by our group previously (Chen & Prochaska 2000) . As such, the galaxies discovered by our survey provide an unbiased sample that can then be searched for associated hydrogen and metal-line absorption.
This LCO/WFCCD galaxy survey provides the galaxy sample for the following analysis; we consider the results from complementary surveys in the discussion that follows ( § 4). Altogether, the LCO/WFCCD galaxy survey comprises 1198 galaxies with 0.005 < z < (z em − 0.01) with a median redshift of 0.18. The distribution of their luminosities peaks near ≈ 0.3L * and extends to 0.01 L * and ≈ 5L * .
IGM Surveys for Lyα and O VI Absorption
In the following IGM/galaxy analysis, we leverage published surveys for Lyα and O VI absorption in the quasar spectra of our fields. This corresponds to 13 sightlines with UV spectra from the HST/GHRS, HST/STIS, and/or FUSE instruments (Table 1) . We restrict our analysis to surveys based on high spectral resolution data which generally provide equivalent width sensitivity σ(W ) to a few tens of mÅ. Although the published surveys occasionally disagree on the identification of a particular line or on the confidence of its detection, we have not attempted to reconcile these arguments. Instead, we adopt all published detections as bona-fide systems. When multiple groups have reported measurements for the same system, we have adopted the values from publications in this order: [Lyα] - Tripp et al. (2008) ; Danforth & Shull (2008) ; Chen & Mulchaey (2009); Danforth et al. (2006) ; Penton et al. (2004) Tripp et al. (2008) ; Thom & Chen (2008b) ; Danforth & Shull (2008) ; Danforth et al. (2006) . Because we rely primarily on published surveys (see below), the IGM results were derived independently of our galaxy survey.
For galaxies within several hundred kpc (up to 1 Mpc for Lyα) of these sightlines, we have also done a focused search for associated Lyα and O VI absorption at their redshifts. Specifically, if there were no published mea- Note. -The N HI value for the z = 0.0063 absorber toward PG1216+069 is taken from Tripp et al. (2006) surement near the redshift of the galaxy yet spectra exist we reanalyzed the data ourselves. Furthermore, sufficient quality UV spectra exist for Lyα and/or O VI analysis in one of the LCO/WFCCD survey fields yet none has been published (Q0026+1259). We have also done a focused analysis in this sightline according to galaxies discovered in the LCO/WFCCD survey. To perform this new IGM analysis, we used spectra reduced by the instrument pipelines as described in Cooksey et al. (2008) . We normalized the quasar continuum with automated algorithms and measured equivalent widths (and errors) with simple boxcar summation. If no absorption was present within ±400 km s −1 of the galaxy redshift, we report a 3σ upper limit to the equivalent width and column density (assuming the linear curve-of-growth approximation). For positive detections, we measured column densities with the apparent optical depth method (Savage & Sembach 1991) . In a few cases, the predicted wavelength of a Lyα or O VI line coincides with Galactic ISM absorption or a coincident transition from another absorption system. In these events, we adopt the equivalent width of the coincident line as an upper limit to the equivalent width.
The measurements for our IGM analysis are summarized in Table 2 . Altogether, we have useful constraints on Lyα and/or O VI absorption for 14 of our WFCCD survey fields.
RESULTS
We take two complementary approaches to the analysis: (i) we examine all galaxies that lie close to the sightlines for associated Lyα and O VI absorption; and (ii) we search the fields for galaxies associated with detected Lyα and O VI absorbers. Each of these techniques has specific strengths and weaknesses for interpreting the IGM/galaxy connection, as described below. Together, however, they provide powerful insight into the nature of the IGM and its interplay with galaxies at z ∼ 0.
In the following, we establish the velocity criterion for associating a galaxy with IGM absorption (or vice-versa) to be a velocity difference |δv| < 400 km s −1 . This value was chosen to be large enough to account for error in the galaxy redshifts (Prochaska et al. 2011) and to allow for velocities between the galaxy and gas that are characteristic of galactic dynamics. We emphasize that over 80% of the purported galaxy/absorber associations have |δv| ≤ 250 km s −1 and that our results would not change qualitatively if we adopted a value lower than 400 km s −1 . We examine the results with particular emphasis on the galaxy luminosity. These were derived from the apparent R-band magnitude, redshift, and spectral type (see Prochaska et al. 2011) . Generally, we consider three luminosity intervals: (1) L < 0.1L * , termed dwarf galaxies; (2) 0.1L * < L < L * , termed sub-L * galaxies and; (3) L > L * , termed L * galaxies. For these definitions, we adopt the r-band value for L * as measured from the Sloan Digital Sky Survey which corresponds to z ≈ 0.1: r * = −20.44 + 5 log h 100 (Blanton et al. 2003) . With the cosmology we have adopted, this yields r * = −21.12 mag. We are motivated to this approach by the expectation that galaxies of a similar luminosity will, on average, trace similar environments and have dark matter halos with common characteristics. Ideally, we might separate the galaxies by their dark matter halo mass, as inferred from the galaxy's kinematics. Unfortunately, our spectra are of insufficient quality to discriminate on kinematics nor do we have the necessary photometry to estimate stellar masses. Regarding the galaxy spectral-type, we do make the distinction between early-type (absorptionline dominated) and late-type (emission-line dominated) galaxies based on our spectra (see Prochaska et al. 2011 , for more details).
When discussing the results, we make a crude distinction between the virialized halo of a galaxy defined by a virial radius r vir and the circumgalactic medium (CGM) that surrounds it to a larger radius r CGM . The motivation for this distinction is that galactic-scale processes (e.g. accretion, shock-heating, outflows) may be especially active within the virialized halo, and therefore produce a medium that is qualitatively different from the surrounding CGM. Furthermore gas at r < r vir may have a much greater probability of being gravitationally bound to the galaxy. At the same time, we doubt that r vir marks a sharp boundary of any sort. Lastly, we note that a sightline which penetrates a galactic halo may show absorption from the gas within it and the gas that surrounds it.
In standard numerical and analytic analysis, r vir is predicted to scale with the dark matter halo mass as r vir ∝ M 1/3 h and with the circular velocity as r vir ∝ v c . If we were to adopt the observed R-band Tully-Fisher (TF) relation L ∝ v 3.4 c (Courteau et al. 2007 ), we would infer that r vir scales as r vir ∝ L 0.3 . More modern treatments compare the clustering of galaxies as a function of luminosity to predictions for dark matter halos and thereby derive a relation between L and M h (e.g. Zheng et al. 2007; The SDSS Collaboration et al. 2010) . These results, which are dominated by L > L * galaxies, imply M h ∝ L 3.8 (in R-band) at high luminosity and a much flatter relation at low luminosity (consistent with the higher M/L ratio inferred for low-mass galaxies). Therefore, while most treatments -empirical and theoretical -tend to agree that r vir ≈ 250-300 kpc for an L * galaxy, various prescriptions yield very different estimates for the virial radius of low luminosity galaxies. In the following, we adopt characteristic values of r vir ≈ 100 kpc for the dwarf galaxies, r vir ≈ 160 kpc for a sub-L * galaxy, and r vir ≈ 250 kpc for an L * galaxy. This corresponds to a scaling relation:
with r * vir = 250 kpc and β = 0.2. These assignments and this relation should be considered crude estimates and primarily serve to guide the discussion.
3.1. Gas Associated with Galaxies at Low Impact Parameter In this subsection, we address the following question: granted that a galaxy with a certain luminosity lies at a given impact parameter from a quasar sightline, what is the probability of detecting Lyα or O VI absorption at that same redshift (within a given velocity interval δv) to a given equivalent width limit? More generally, we consider the distribution of equivalent widths and ionic column densities as a function of the galaxy luminosity L and impact parameter ρ. In principle, such measurements reveal the physical conditions of gas in the virialized halos of galaxies and in the circumgalactic medium (CGM) that surrounds them (e.g. filaments, the intragroup medium). In turn, the measurements may inform whether the gas is physically connected to the galaxy (e.g. gravitationally bound to its dark matter halo) and/or which galaxies may 'produce' IGM absorption at specific equivalent widths and column density.
There is (at least) one significant challenge to this analysis: galaxies cluster with one another. Therefore, if a galaxy lies at close impact parameter to a sightline there is a significant probability that one or more additional galaxies will also lie close to the same sightline. If we then detect IGM absorption at that redshift, there is an ambiguous association between the gas and each galaxy. One may be able to design an experiment that studied only isolated galaxies, but this would likely be unrepresentative of the full galaxy population. This issue is further complicated by the imperfections of our LCO/WFCCD survey. These include (i) the magnitude limit which implies sensitivity to fainter galaxies only at lower redshifts; (ii) the limited field-of-view which precludes a search for galaxies with ρ 100 kpc at the lowest redshifts; and (iii) the varying sensitivity of the UV spectrometers with wavelength which dictates the equivalent width limit to Lyα and O VI absorption as a function of redshift. In the following, we emphasize these limitations where appropriate.
To (partially) address the ambiguity of multiple galaxies at a given redshift, 6 we perform the analysis sepa- The four panels show the measured equivalent widths and column densities of Lyα and O VI absorption for all of the dwarf galaxies (L < 0.1L * ) in our LCO/WFCCD survey that lie within 300 kpc of a quasar sightline (where high quality UV spectroscopy exists). In each case, we report the maximum value for all Lyα (or O VI) absorption lines detected within 400km s −1 of the galaxy redshift. Asterisks denote galaxies with late-type spectra and open circles signs denote early-type spectra (small/large arrows indicated limits for late/early-type galaxies). In cases where there is more than one dwarf galaxy within 400 km s −1 of one another, we plot only the one closest to the sightline. Upper limits denote non-detections or, in a few cases, unresolved blends with coincident absorption lines. The gray boxes (diamonds) denote systems where an additional sub-L * (L * ) galaxy lies within 150 kpc of the sightline. Remarkably, these include nearly all of the systems associated with strong Lyα absorption and positive O VI detections. The gray triangles, meanwhile, denote galaxies associated with Virgo. Note the preponderance of Lyα associations but the rare detection of O VI gas, especially if one ignores the dwarf galaxies with a brighter neighbor near the sightline.
rately for dwarf, sub-L * , and L * galaxies. Initially, we examine all galaxies at impact parameter ρ < 300 kpc from the sightlines. This distance was arbitrarily chosen to exceed the virial radius of the galaxies yet to be small enough to primarily focus the analysis on individual galaxies. When two or more galaxies are separated by |δv| < 400km s −1 and have similar luminosity, we only present the one closest to the sightline (this occurs very rarely). Dwarf Galaxies: Consider first the L < 0.1L * galaxies (a.k.a. the dwarf galaxies); Table 3 lists the sample of systems at low impact parameter from our WFCCD survey. The table also lists the strongest Lyα and O VI absorbers within |δv| ≤ 400 km s −1 of each galaxy, or an upper limit to the equivalent width and column density for non-detections. We also tabulate the closest galaxy with L > 0.1L * if one (or more) lies within 300 km s −1 of the dwarf galaxy's redshift and 200 kpc of the sightline. Figure 1 summarizes the absorption characteristics of the sample as a function of impact parameter. Regarding H I absorption, we note the positive detection of Lyα absorption for 16/19 (84%) of the galaxies to W Lyα = 100 mÅ or N HI = 10 13.5 cm −2 . We emphasize that unlike the high-z universe where the Lyα forest is sufficiently 'dense' that one identifies a line every ∼ 100km s −1 , the probability of randomly associating a galaxy with an absorber is small at z ∼ 0. Taking PG1116+215 as a representative sightline, the Lyα lines reported by Danforth & Shull (2008) cover ≈ 33% of the sightline for |δv| < 400 km s −1 to N HI ≈ 10 13 cm −2 . Restricting to Lyα lines with N HI ≥ 10 13.5 cm −2 (Figure 1) , which is more characteristic of the gas associated with the dwarf galaxies, we find only ≈ 10% of the sightline is covered. As such, if we randomly assigned redshifts to the galaxies with values uniformly sampling z = [0, z em ], the probability of recovering 16/19 associations with Lyα lines having N HI > 10 13.5 cm −2 is negligible. We conclude, therefore, that Lyα absorption traces dwarf galaxies to impact parameters of 300 kpc or greater with a nearly unit covering fraction to W Lyα = 100 mÅ (N HI = 10 13.5 cm −2 ). Inspecting Figure 1 we note that the majority of dwarf galaxy-Lyα associations are at an impact parameter that is well beyond the presumed virial radius of r vir ≈ 100 kpc. We infer, therefore, that the connection between these galaxies and H I absorption is not driven (generally) by galactic-scale phenomena, e.g. tidal debris, accreting gas, outflows. H I gas also arises in the extended CGM of these galaxies. The direct implication is that the two phenomena (Lyα absorption and dwarf galaxies) are simply highly correlated tracers of the same large-scale overdensity in the universe (e.g. a filament). This assertion is further supported by the fact that there is no strong correlation between the impact parameter and the Lyα absorption (in column density or equivalent width).
It is also evident from Figure 1 that a subset of the dwarf galaxies are associated with relatively strong Lyα absorbers, W Lyα > 0.5Å and N HI > 10 15 cm −2 . However, most of these strong absorbers may also be associated to a brighter galaxy (L > 0.1L * ) within 200 kpc of the sightline. We have overplotted on the points gray boxes (diamonds) to indicate dwarf galaxies where an additional sub-L * (L * ) galaxy lies within 150 kpc of the sightline. With the exception of the two galaxies associated with Virgo (at z ≈ 0.006 toward PG1216+069 and 3C273; marked with gray triangles), all of the dwarf galaxies with associated strong Lyα absorption also have a brighter galaxy near the sightline. Furthermore, there are no cases where a brighter galaxy is nearby and the Lyα equivalent width is low. Although limited by small number statistics, these results suggest that the strongest H I absorbers are preferentially associated with a L > 0.1L * galaxy instead of the dwarf. Lastly, with regards to dwarf galaxies and H I absorption, we consider the two non-detections in Lyα. One case is located at nearly 300 kpc from PKS1302-102 and we may dismiss it because of the large impact parameter. The other example, however, is for a z = 0.0081 early-type galaxy that has the lowest impact parameter (ρ = 34 kpc) of the entire sample! Furthermore, it is the only example we have where the sightline is certain to intersect the galaxy's virialized halo. We identify no other galaxies at this redshift and only note that it might be associated with the extreme outskirts of Virgo. Either way, this non-detection stresses that the IGM/galaxy connection shows special cases that contradict dominant trends.
The lower panels of Figure 1 present the equivalent width of O VI 1031 (W 1031 ; when UV spectral coverage exists) and an estimate of the O +5 column density N OVI for the strongest absorber within 300 km s −1 of each galaxy. In contrast to Lyα, the results are dominated by non-detections. Furthermore, 3 of 5 systems with a positive detection (3/4 for those with N OVI > 10 14 cm −2 ) also show a brighter galaxy (L > 0.1L * ) within 150 kpc of the sightline. Ignoring these systems, 0/13 of 'isolated' dwarf galaxies show a positive detection to an equivalent width limit of 200 mÅ and only 2/8 for a 50 mÅ limit. We conclude that the CGM of dwarf galaxies at impact parameters of 50-300 kpc rarely shows O VI absorption characteristic of current UV surveys. The CGM of dwarf galaxies does give rise to nearly ubiquitous H I absorption, but has insufficient surface density, metallicity, and/or the physical conditions (i.e. density, temperature) needed to to also exhibit significant O VI absorption.
In summary, the circumgalactic medium of dwarf galaxies at ρ 100 kpc is characterized by a high incidence of moderate strength Lyα absorption (W 200mÅ) and a low incidence of O VI absorption to modest equivalent width limits. Our survey, unfortunately, offers few probes of dwarf galaxies on smaller scales, i.e. with sightlines intersecting their dark matter halos. This assessment awaits a dedicated survey of such galaxies. 7 L * Galaxies: In Figure 2 , we plot the same quantities versus impact parameter but now for L > L * galaxies (Table 4) . Our survey has only a modest sample of such bright galaxies within 300 kpc of the sightlines which reflects, of course, their lower comoving number density. Similar to the dwarf galaxies, nearly every L * galaxy exhibits significant Lyα absorption. 8 This even includes luminous, early-type galaxies which are likely gas-poor on galactic-scales. The average equivalent width at ρ = 100-200 kpc is W Lyα ≈ 500 mÅ and ≈ 400 mÅ at ρ = 200-300 kpc, twice that observed for the dwarf galaxies (ignoring dwarfs with bright neighbors; Table 3 ). Similarly, the N HI values of the L * galaxies exceed those for the dwarfs. This implies that 7 An ongoing Cycle 18 HST/COS survey by J. Tumlinson (GO 12248) is designed to address this directly, although it will not include high S/N spectra of the O VI doublet. 8 The only notable exception is an L ≈ 1.0L * galaxy with an early-type spectrum located at an impact parameter of ρ ≈ 250 kpc from PKS0405-123 (z = 0.203). Perhaps not coincidentally, it also is associated with one of the most significant galaxy overdensities identified in our survey.
the H I gas near a typical L * galaxy has a higher total surface density, neutral fraction, and/or a more extreme velocity field. Such trends with luminosity have been revealed previously (e.g. Chen et al. 2001b ); presumably, they are a simple consequence of these galaxies having greater mass.
Regarding O VI absorption, the L * galaxies show a greater fraction (5/10) of positive detections than dwarf galaxies. Furthermore, there is a possible trend with impact parameter: all of the detections occur within ρ = 225 kpc, which corresponds (roughly) to the virial radii of these luminous galaxies. The figure also reveals that every emission-line galaxy exhibits a positive O VI detection; all of the non-detections are associated with early-type spectra. A preference for O VI absorption to occur in late-type galaxies was previously reported by Chen & Mulchaey (2009) for their modest sample of galaxy/O VI associations (Tumlinson et al., in prep.) . Unfortunately, all of our non-detections also occur at large ρ and, therefore, we cannot separate the effects of impact parameter and spectral type with this sample. Nevertheless, the results demonstrate clearly that the extended CGM of L * galaxies (at least those with early-type spectra) is frequently characterized by the non-detection of O VI gas. Figure 1 but for sub-L * galaxies. One notes a strong correlation between W Lyα and impact parameter for these galaxies and also an apparent division at ρ ≈ 100 kpc between W Lyα 1Å and lines exhibiting a large scatter of lower values. Intriguingly, this division occurs near the expected virial radius for these galaxies. In contrast to the dwarf and L * galaxies (Figures 1-2) , we observe a very high detection rate for O VI at all impact parameters. This indicates the extended CGM of sub-L * galaxies has a high covering fraction to modest O VI absorption. The gray diamond indicates the one sub-L * galaxy in our sample that has an L * neighbor within 150 kpc of the sightline.
Sub-L * Galaxies: Our final galaxy subset is the sub- Table 5 ). Figure 3 reveals a 100% detection rate for H I gas to ρ = 300 kpc for these galaxies. In contrast to the other galaxy subsets, the Lyα equivalent widths of the sub-L * galaxies show a very obvious trend with impact parameter. A Spearman's test reports that the null hypothesis of no correlation is ruled out at > 99.5% c.l. There is also the hint of a division in the W Lyα values at ρ ≈ 100 kpc, i.e. between exclusively large equivalent widths (W Lyα > 1Å for ρ < 100 kpc) and a large scatter of primarily lower values for ρ > 100 kpc (Table 6 ). As this impact parameter roughly coincides with the virial radius expected for sub-L * galaxies, if confirmed, it may be related to galactic-scale processes at ρ < r vir whereas the W Lyα values at larger ρ trace the physical properties of the surrounding (unvirialized) CGM.
Because the Lyα line is saturated for most of the systems, the W Lyα values are a good proxy for kinematics, i.e. the systems at ρ < 100 kpc require a velocity spread of ∆v = cW Lyα /(1215.67Å) ≈ 250 km s −1 (W Lyα /1Å). Such motions may be just consistent with galaxies having circular velocities v c 100km s −1 , a reasonable estimate for sub-L * galaxies. There is also the hint of a difference in Lyα equivalent width for galaxies with differing spectral type: the late-type galaxies have systematically higher W Lyα values than early-type galaxies at a similar impact parameter. This conclusion is tempered, however, by the relatively small sample size and should be confirmed with a larger dataset.
Remarkably, the sub-L * galaxies show a very high incidence of associated O VI absorption for impact parameters ρ < 300 kpc. At ρ < 100 kpc, 3/4 (75%) of the galaxies have W 1031 > 50mÅ (N OVI > 10 13.5 cm −2 ). And at larger impact parameters, the incidence is yet higher. It appears the association extends well beyond the virial radii of these galaxies; the results require that sub-L * galaxies are surrounded by a CGM that bears O VI gas to an impact parameter of several hundreds kpc. We also emphasize that only one of the galaxies has a neighboring, bright (L > L * ) galaxy close to the sightline. Finally, we note a possible trend of decreasing W 1031 (and N OVI ) with increasing impact parameter. This trend, however, is dominated by the two cases at ρ ≈ 100 kpc with large W 1031 values. The non-detection of O VI absorption for the galaxy at z = 0.081 and ρ = 33 kpc in the FJ2155-0922 field warrants additional discussion. It is striking, given the high incidence of O VI detections, that the galaxy at smallest impact parameter would exhibit the lowest W 1031 value. Furthermore, as is evident from Figure 3 and Table 5 , there is very strong Lyα absorption associated with this galaxy (W Lyα > 1Å). It has an early-type spectrum, and its luminosity places it at the upper end of the sub-L * population. It is noteworthy that this galaxy lies within an overdensity in the FJ2155-0922 field: 10 galaxies with L > 0.1L * lie within 3 Mpc of the sightline. On the other hand, the z = 0.0788, sub-L * galaxy (ρ = 221 kpc) in the same field has 22 such neighbors yet shows modest O VI absorption. Similar to the non-detection of Lyα at ρ ≈ 30 kpc for the dwarf galaxy in the PG1216+069 field, this one non-detection of O VI gas stresses the complexity of galaxy/absorber associations.
In summary, all three classes of galaxies considered above exhibit high covering fractions to Lyα absorption for impact parameters ρ < 300 kpc. There are possible trends of increasing W Lyα values for brighter galaxies and decreasing W Lyα values at higher impact parameter. In contrast, the covering fraction to O VI absorption is highest for sub-L * galaxies, low for dwarf galaxies, and low for early-type (and/or high-ρ) L * galaxies. These results are empirical descriptions of the gas associated with low-z galaxies; we explore further the implications for the origins of Lyα and O VI absorption in the following sections.
Galaxies Associated with IGM Absorption
In the previous sub-section, we studied the Lyα and O VI absorption associated with galaxies at low impact parameters to quasar sightlines. For that analysis, the measures (luminosity, impact parameter, equivalent width) were all well-defined and the results were relatively insensitive to biases related to incompleteness in the galaxy survey. The key complication of such analysis, however, is that galaxies cluster and therefore their environment (e.g. the presence of a brighter, nearby neighbor) may play a significant role in observed associations between a galaxy and the IGM. Furthermore, this approach only indirectly addresses fundamental questions related to the origin of Lyα and O VI gas in the IGM.
One may gain further insight by reversing the experiment, i.e. to study the properties of the closest (detected) galaxy to a given set of IGM absorption lines. In this manner, one tests how frequently galaxies and their halos are associated with various components of the IGM, and one may assess their physical properties and environment. This approach, however, has the obvious downside that no galaxy survey is truly complete, neither in terms of field-of-view nor depth. Indeed, our survey does not cover sufficient area to identify all galaxies within ρ ≈ 200 kpc for z < 0.02 and our magnitude limit implies significant incompleteness to L < 0.1L * in most fields for z > 0.1. Therefore, we restrict the following analysis and discussion to the redshift interval 0.02 < z < 0.2 and caution that at the high end we have limited sensitivity to very faint galaxies.
In Figure 4 , we present the analysis for Lyα where the symbols label the luminosity of the closest galaxy detected and the upward arrows 10 indicate absorbers without an associated galaxy in our survey. For very low column densities, 10 13 cm −2 < N HI < 10 14 cm −2 , approximately 40% of the absorbers may be associated with a galaxy within 1 Mpc, always at ρ > 100 kpc and primarily at ρ > 200 kpc (80% of the associations). We conclude that few, if any, of the weak Lyα absorbers arise from the virialized halos of z ∼ 0 galaxies. Instead, weak H I absorption traces either the extended CGM of galaxies or, more commonly, structures with a low filling factor of galaxies (non-detections). The results are similar for the Lyα lines with modest N HI (10 14 -10 Note. -For column densities, all statistics are calculated on log N . For the columns, N gives the number of galaxies, M() refers to median statistic, and R() refers to RMS. a Spectral type (see text for the quantitative definition). b Impact parameter and luminosity of the brightest galaxy (L > 0.1L * ) within 200 kpc and |δv| < 300km s −1 (if any).
TABLE 6 Galaxy/Absorber Statistics
though the incidence of an association to a galaxy with ρ < 1 Mpc is higher (70%). For the small set of strong H I absorption lines (N HI > 10 15 cm −2 ), the results are qualitatively different. Every Lyα line is linked to a galaxy and the majority of these have ρ < 200 kpc. Even in these cases, however, the association with a virialized halo may be tenuous. Altogether, our results do offer further evidence that large N HI absorbers are physically associated with galaxies whereas weak Lyα lines have no direct physical connection (Chen et al. 2005; Shone et al. 2010) .
Turning to O VI absorption, Figure 5 shows the galaxy at the closest impact parameter to the 30 published O VI absorbers along our quasar sightlines with 0.02 < z < 0.2 ( Fig. 4 .-Impact parameter (symbols indicate luminosity) of the galaxy closest to the sightline with a redshift coincident (|δv| < 400 km s −1 ) to the Lyα absorbers detected along our quasar sightlines. Note that most of the N HI values exceeding 10 14.5 cm −2 should be considered lower limits due to line saturation. The dotted lines (from bottom to top) mark estimates for the virial radii of the dwarf, sub-L * , and L * galaxies, respectively. In cases where we have not detected a galaxy within 1 Mpc of the sightline, we plot an upward arrow at the distance at each absorber's redshift corresponding to the typical 10 ′ field-of-view for our LCO/WFCCD galaxy survey. For N HI < 10 14.5 cm −2 , the incidence of associated galaxies is low and those that are detected generally lie at ρ > 200 kpc. We conclude that few, if any, of these absorbers arise in the virialized halos of z ∼ 0 galaxies. At higher column densities, the fraction of Lyα absorbers with an associated galaxy increases and the impact parameter to the systems decreases suggesting a physical association between the gas and galaxy. Stocke et al. 2006 ). This offset is smaller than that observed for Lyα lines having N HI ≈ 10 14 cm −2 . On the other hand, only a small fraction of the O VI systems (5/30) have a galaxy detected within 100 kpc and only 1/18 for N OVI < 10 14 cm −2 . There are very few cases in the sample where one would insist that the sightline has intersected the virialized halo of the associated galaxy. Instead, the O VI gas appears linked to the extended CGM of galaxies on scales of a few hundred kpc. The luminosities of the nearest neighbors include galaxies at a wide range of luminosity and spectral type, with a preference toward late-type sub-L * systems. There is an apparent trend of decreasing ρ with increasing N OVI for the range of values considered in our analysis, but this is tempered by the large scatter in these quantities.
As emphasized at the start of this sub-section, the results presented in Figures 4 and 5 are subject to the incompleteness of our galaxy survey. In particular, one may argue that a population of fainter galaxies lie at smaller impact parameters than the sample comprising our survey. This could significantly affect our inferences regarding the roles of virialized halos and the extended CGM in hosting Lyα/O VI absorption. To assess this concern, Tables 7 lists the luminosity limit for each absorber and the completeness of the galaxy survey to that limit for ρ = 150 kpc. Regarding completeness, with the exception of two fields (PG1116+215 and PG1211+143), we obtained a redshift for every galaxy within ρ = 150 kpc of the O VI absorber to the magnitude limit R = 19.5 mag. We are confident, therefore, that no galaxy of comparable luminosity lies at closer distance to the sightline than the ones we have discovered.
12 Regarding the luminosity limit, a subset of the galaxies lie within twice the limit yet ≈ 40% are 5× brighter than the formal limit. Furthermore, owing to the details of mask design and specific scientific interests, we have surveyed several fields to R > 19.5 mag 12 Although we are not sensitive to galaxies at very small impact parameters to the quasar (i.e. θ 1 ′′ , or ρ 20 kpc for the redshifts considered), we expect these to be very rare occurrences and note that none of the sightlines exhibit very large H I column densities (N HI ≫ 10 17 cm −2 ). -Impact parameter (symbols indicate luminosity) of the galaxy closest to the sightline with a redshift coincident (|δv| < 400 km s −1 ) to the O VI absorbers detected along our quasar sightlines. The dotted horizontal lines mark estimates (from bottom to top) for the virial radii of the dwarf, sub-L * , and L * galaxies, respectively. The arrows are positioned s in Figure 4 . One notes that although most of the O VI absorbers have an associated galaxy within a few hundred kpc of the sightline, very few of the sightlines intersect the galaxy's expected virialized halo. The results suggest that O VI gas is associated primarily with the extended CGM of z ∼ 0 galaxies. There is possibly an anti-correlation between ρ and N OVI , but the significance of such a trend is tempered by the large scatter.
albeit with lower completeness. The galaxies discovered to these fainter magnitudes have been included in the analysis. We conclude, therefore, that our results are unlikely to be severely compromised by a lack of sensitivity to fainter galaxies.
Another (brute force) approach to assess the effects of incompleteness is to obtain significantly deeper spectroscopy in the fields. Chen & Mulchaey (2009) have performed a galaxy survey with the IMACS and LDSS3 spectrometers on the 6.5 m Magellan telescopes for two of our fields (PKS0405-123, PG1216+069). They achieved a high completeness around each quasar sightline to several magnitudes fainter limits (≈ 10× deeper). For the PKS0405-123 field, they do identify a new dwarf galaxy associated with the z = 0.0918 O VI absorber which lies at closer impact parameter (ρ = 73 kpc) than the dwarf galaxy we had discussed. This is, however, the only modification for the four O VI absorbers within the redshift interval 0.02 < z < 0.2, and even this galaxy is at an impact parameter that may exceed its virialized halo. For the PG1216+069 field, Chen & Mulchaey (2009) find no fainter galaxies at closer impact parameters for the z = 0.125 sub-L * galaxy identified in our survey.
DISCUSSION
The previous section described the association of Lyα and O VI absorption with galaxies discovered in our LCO/WFCCD survey (Paper IV). In § 3.1, we explored the strength of Lyα and O VI absorption as a function of galaxy luminosity, spectral type, and impact parameter. We then reported on the results of a search for galaxies related to Lyα and O VI absorption ( § 3.2). In this section, we synthesize these results and discuss the implications in the context of previous observational and theoretical work. We divide the discussion by transition (i.e. Lyα and O VI) but emphasize that a complete description of the IGM must consider both elements.
Lyα
The Lyα transition is the strongest and most commonly observed transition of the intergalactic medium. Its complex pattern of absorption defines the so-called Lyα forest and sets the starting point for nearly all IGM analysis.
The current cosmological paradigm for the Lyα forest is that these lines arise from an undulating Gunn-Peterson field of overdensities (e.g. Miralda-Escudé et al. 1996) . In turn, observations of the IGM provide direct constraints for cosmological parame- Note. -The analysis presented in § 3.2 only considers O VI systems with 0.02 < z < 0.2 to minimize incompleteness in the galaxy survey. a Impact parameter and luminosity of the brightest galaxy (L > 0.1L * ) within 200 kpc and |δv| < 300km s −1 (if any). b Impact parameter and luminosity of the brightest galaxy (L > 0.1L * ) within 200 kpc and |δv| < 300km s −1 (if any). c Completeness of the galaxy survey to R = 19.5 mag within the radius corresponding to ρ = 150 kpc at the O VI absorber's redshift.
ters (e.g. Dunkley et al. 2009 ). This gas is also predicted to be the dominant baryonic reservoir of the universe, which fuels the formation and growth of galaxies.
We begin with a discussion of the properties of H I gas surrounding low-z galaxies (ρ < 300 kpc). Several previous studies have examined the incidence of Lyα absorption for galaxies located at small impact parameters to quasar sightlines. In each case, the authors have reported a very high detection rate for galaxies within a few hundred kpc: Chen et al. (2001a) With our LCO/WFCCD survey we have examined a sample of 37 galaxies at ρ < 300 kpc with greater emphasis on lower luminosities than previous work. The results presented in Figure 1 -3 (Tables 3-5) further solidify the correlation between galaxies and Lyα absorption: to an impact parameter of ρ ≈ 300 kpc, we observe a nearly 100% probability for detecting Lyα absorption (W Lyα > 50 mÅ) within 400km s −1 of a galaxy. This result is independent of galaxy luminosity (for L > 0.01L * ), spectral type, and local environment 13 (defined by the number of close neighbors). Altogether, these results demand that low-z galaxies of all types are embedded within a diffuse, highly ionized medium with a very high covering fraction to significant H I absorption. We refer to this medium as the circumgalactic medium (CGM), although this gas need not be physically associated (e.g. bound) to the galaxy.
Before considering the origin of this medium, we review and then explore its physical properties. First, we note that the Doppler parameters that are typical of low-z Lyα lines generally require kinetic temperatures T < 10 5 K (e.g. Davé et al. 1999; Williger et al. 2006 ). The standard expectation is that the majority of these absorbers trace photoionized gas with T ∼ 10 4 K. For those absorption systems that also exhibit metalline transitions (e.g. C IV, C III, O VI), this hypothesis may be tested against ionization modeling and the results are usually consistent with a photoionized medium (e.g. Prochaska et al. 2004; Cooksey et al. 2008 ). This modeling also provides a constraint on the ionization fraction and an estimate of the total hydrogen column density N H .
A remarkable result for the low-z IGM is that the estimated N H values are uniform at ≈ 10 19 cm −2 , i.e., independent of the observed N HI value (Prochaska et al. 2004; Lehner et al. 2007) . This 'N H constancy' was interpreted by Prochaska et al. (2004) to result from lower N HI absorbers having lower average volume density (e.g. Davé et al. 1999 ) which implies a higher ionization correction for a uniform (background) radiation field. Indeed, analysis of recent simulations of the low-z IGM 13 Our results do not confirm the findings of that galaxies in groups exhibit systematically weaker Lyα absorption, although we have not yet constructed a well-defined group sample from the LCO/WFCCD survey.
have considered the N H constancy explicitly and have reproduced the observed result with a similar explanation (Davé et al. 2010) . We caution that this N H constancy was derived empirically from absorbers with N HI ≈ 10 13.5 − −10 15 cm −2 which had no known association to galaxies. We demonstrate below, however, that the majority of the stronger N HI systems must be associated with galaxies.
Adopting a constant N H value for the observed Lyα forest, we may crudely estimate the mass of the photoionized CGM surrounding low-z galaxies. A simple estimate follows from the characteristic hydrogen column density N H,CGM and a characteristic radius r CGM :
with the factor µ ≈ 1.3 accounting for helium. For our assumed values, we find
(3) Therefore, we estimate a baryonic reservoir surrounding each galaxy which meets or significantly exceeds the typical baryonic mass of present-day sub-L * galaxies. Again, this CGM need not be physically associated (e.g. gravitationally bound) with the galaxy. Nevertheless, it represents a large baryonic reservoir for future star formation or could even (in part) be gas that was expelled during the processes of galaxy formation. Lastly, if the gas is metal enriched, the mass in metals could exceed the amount metals locked in stars within these galaxies.
The near unity covering fraction of this CGM for Lyα absorption to ρ ≈ 300 kpc inspires us to examine further its radial extent. Previously, Chen et al. (2001b) reported a decline in the average Lyα equivalent width for ρ 250 kpc. Similarly, Tripp et al. (1998) and noted a lower detection rate and average Lyα equivalent width for L ≈ L * galaxies to ρ 1 Mpc. In Figure 6 (Table 8) , we have extended the analysis of our LCO/WFCCD survey to ρ = 1 Mpc. Here we include galaxies of all luminosity and plot only the closest galaxy to the sightline without repeating any pair of galaxies with |δv| < 400km s −1 . We also include the galaxy survey in the field of PKS0405-123 performed by Williger et al. (2006) . There are two issues to emphasize before proceeding: (i) incompleteness in our galaxy survey implies that the ρ values are strictly upper limits, i.e. another (probably fainter) galaxy may exist at smaller impact parameter; and (ii) there may be little physical connection (e.g. gravitational interaction) between this gas and the galaxy on such large scales. Nevertheless, the results may offer a valuable constraint for galaxy/IGM models and provide further insight into the galaxy/absorber connection.
There are two obvious conclusions to draw from Figure 6: (a) the median equivalent width decreases with increasing ρ; and (b) the detection rate declines beyond ρ ≈ 300 kpc but apparently remains above the random rate (≈ 10%; § 3.1) out to at least 1 Mpc. These conclusions are not independent, e.g. the median W Lyα value is significantly lower at ρ > 500 kpc because of the lower detection rate. A Spearman's correlation test of only -(a) Measurements of associated Lyα absorption for galaxies of all luminosity in our sample within 1 Mpc of a quasar sightline with UV spectral coverage of the Lyα line. We have grouped galaxies together in intervals of 400 km s −1 and only plot the system nearest to the sightline. Red diamonds indicate L * galaxies, blue asterisks are sub-L * galaxies, and green plus-signs indicate dwarf galaxies. Arrows of the same colors represent nondetections for galaxies of these luminosities. There is a strong anti-correlation between Lyα equivalent width (and column density) and impact parameter. Furthermore, there is a very high incidence of positive detections to 50 mÅ to ρ ≈ 500 kpc and a marked decline at larger impact parameter. the detections reports the null hypothesis of no correlation is ruled out at > 99.99% c.l. This anti-correlation is only strengthened by the non-detections, and it is not a natural consequence of incompleteness in the galaxy survey. We have performed a simple linear regression on the positive detections in log-log space, i.e. by assuming
If we ignore the L * galaxies (for reasons discussed below) and perform a linear regression on the remaining galaxies with detections, we recover W 0 = 4.0Å and γ = −0.69. These values are in good agreement with Tripp et al. (1998) , whose analysis was performed on a heterogenous set of galaxy samples. We also note that the W Lyα values have a shallower trend with impact parameter for ρ > 100 kpc. Removing those galaxy/absorber pairs from the linear regression, we recover W 0 = 3.3Å and γ = −0.43. These values may better describe evolution in the large-scale structures that surround low-z galaxies. We also stress that a rank-correlation test on the detections and upper limits for galaxies at ρ > 200 kpc rules out the null hypothesis at > 99.93% c.l. Both the detection rate and median equivalent width of Lyα absorption are correlated with galaxy impact parameter to at least 1 Mpc, i.e. far beyond the virialized halos and presumed CGM of these galaxies. Before concluding, we note that a power-law description for W Lyα (ρ) was not physically motivated. Furthermore, despite the significant anti-correlation, it is not a very good description of the data; there is tremendous scatter about the regression at all impact parameters.
A closer inspection of Figure 6 reveals that the Lyα detections for L * galaxies do not follow the trend of decreasing W Lyα with increasing ρ. In fact, the W Lyα values for these galaxies form two sets: the galaxies with positive detections show W Lyα > 100 mÅ (generally W Lyα > 200 mÅ), yet approximately half of the L * galaxies have no associated absorption to very sensitive limits (W Lyα < 50 mÅ). This phenomenon is highlighted in Figure 7 where we plot W Lyα vs. ρ for every L * galaxy within 1 Mpc, showing the closest galaxy to the sightline in cases where two or more L * galaxies lie within ±400 km s −1 of one another (Table 9) . Again, the positive detections primarily result in W Lyα > 200 mÅ and approximately half of the systems (without a fainter, neighboring galaxy with smaller ρ) have a non-detection References. -(a) Measured Lyα equivalent widths for every L * galaxy in the LCO/WFCCD survey (with the closest galaxy shown for cases with two or more within 400 km s −1 ) as a function of impact parameter, extending to 1 Mpc. Galaxies with early-type spectra are marked with open circles and those with late-type spectra are plotted as asterisks. Small/large arrows denote limits for late/early-type spectra. The squares (triangles) indicate cases where an additional sub-L * (dwarf) galaxy with consistent redshift lies closer to the sightline. The galaxies exhibit two sets of W Lyα measurements: (i) positive detections with W Lyα > 200 mÅ and (ii) a population of non-detections with W Lyα < 100 mÅ (generally < 50 mÅ). (b) Equivalent width of O VI 1031 as a function of impact parameter for L * galaxies from the LCO/WFCCD survey. Symbols have the same meaning as in (a). Only a small fraction of these galaxies exhibit a positive O VI detection for ρ > 250 kpc, especially if one excludes the systems where a closer, fainter galaxy exists at the same redshift. These results indicate that L * galaxies are not surrounded by a CGM to many hundred kpc with a high covering fraction to significant O VI absorption.
with W Lyα < 100 mÅ. We find no clear differences in the Lyα detection rate or W Lyα values for these galaxies as a function of spectral type or redshift. We hypothesize that the subset without a detection could be sightlines penetrating a hot (e.g. virialized) gas which has collisionally ionized hydrogen to non-detectable levels. The positive detections, in contrast, would arise from gas that has not been shock-heated or has since cooled. This simple scenario, however, may not naturally explain the nearly constant W Lyα values for the positive detections. To summarize the discussion thus far, our results (and previous work) demonstrate that galaxies of all types are surrounded by a highly ionized medium (which we term as an extended CGM) with near unity covering fraction to Lyα absorption to ρ ≈ 300 kpc. Furthermore, galaxies of all types exhibit a declining detection rate for H I absorption with W Lyα > 50 mÅ to ρ ≈ 1 Mpc. A key question motivated by these results is what fraction of the Lyα forest arises from the CGM surrounding galaxies? More bluntly, can the virialized halos and extended CGM of galaxies account for the majority of lines in the observed Lyα forest? These questions frame the longstanding debate on whether Lyα absorbers arise primarily from the gaseous halos of galaxies or from the largescale, overdense medium (e.g. filaments) that encompass them. To a large degree, the argument hinges on whether the structures giving rise to Lyα absorption have dimensions of several hundred kpc or are greater than 1 Mpc.
It is evident from the results described above that a fraction of Lyα absorbers are closely associated with galaxies. Indeed, some fraction of the Lyα forest must arise from gas bound to individual galaxies. The majority of galaxy/absorber pairs in our sample, however, occur at impact parameters that significantly exceed the presumed virial radius of the galaxies. Indeed, the measured H I column densities are many orders of magnitude smaller than the surface densities characteristic of starforming galaxies; the gas cannot be related to canonical H I disks nor even the tidal features regularly observed in 21 cm emission observations (e.g. Hibbard et al. 2001 ). We conclude, therefore, that Lyα absorption is generally unrelated to the inner galaxy and/or the processes of galaxy formation (e.g. winds, tidal stripping). Instead, the material we have associated with galaxies lies within their extended CGM. In this case the association need not be causal; the gas may not be bound to the galaxy and the two phenomena -galaxies and H I absorbersmay simply trace the same overdensities in the universe.
We draw further insight into the origin of the Lyα forest from the results presented in Figure 4 . As has been emphasized previously (Penton et al. 2002; Chen et al. 2005; Morris & Jannuzi 2006) , the origin of Lyα absorbers appears to be sensitive to the H I column density. At low N HI values, the fraction of 'random' absorbers that may be associated to a galaxy with ρ < 300 kpc is small (< 20% [15/82] for N HI = 10 13−14 cm −2 ). This suggests that the majority of weak Lyα absorbers, which dominate the Lyα forest by number, arise beyond the virialized halos and the CGM of individual galaxies. Presumably, these absorbers arise in overdense regions of the low-z universe which have not supported the formation of a luminous galaxy. In contrast, the percentage of strong absorbers (N HI > 10 15 cm −2 ) with an associated galaxy at ρ < 300 kpc is 80% (8/10). One is compelled, for this subset, to physically associate the absorbers with the galaxies. These inferences are supported by the N HI dependence measured for the clustering of Lyα absorbers to low-z galaxies (Penton et al. 2002; Chen et al. 2005; Chen & Mulchaey 2009; Shone et al. 2010 ). The much lower cross-correlation amplitude for systems with N HI < 10 14 cm −2 imply this gas is not physically associated to galaxies. The high amplitude for N HI > 10 14.5 cm −2 absorbers, meanwhile, implies a physical association with galaxies. These strong absorbers are sufficiently rare that one may associate each of them with a galaxy. Indeed, the results in Figure 4 suggest that many of the strong absorbers arise within the virialized halos of individual galaxies. Such environments may be the only regions of the universe with sufficient overdensity to give rise to H I column densities exceeding 10 15 cm −2 . Another statistical approach to addressing these issues is to compare the observed incidence of Lyα absorp- (Penton et al. 2004 ). For strong absorbers (W Lyα > 300 mÅ), we observe ≈ 10 lines per unit pathlength (and redshift). The curves represent estimates for ℓ Lyα (X) derived from the virialized halos of galaxies (black, solid) and the extended CGM surrounding galaxies (blue, dotted) integrated from a limiting luminosity. The results indicate that the virialized halos of galaxies account only for the incidence of strong Lyα lines observed in the low-z IGM. Even allowing for the extended CGM around each galaxy (with r CGM = 300 kpc), the majority Lyα absorption in the low-z IGM cannot arise from gas surrounding galaxies. tion against that predicted for gas surrounding galaxies based on our results and simplified assumptions about the virial radii of galaxies (Equation 1). Specifically, we ask whether galaxy halos occupy enough area to account for most Lyα absorbers to a given equivalent width limit. To this end, consider the incidence per unit pathlength dX of Lyα absorption ℓ Lyα (X), where
tor in the formalism that allows for a non-unity covering fraction. Alternatively, one may consider A p to be the effective area of the object to absorption. In Figure 8 , hatched, colored bands show current estimates for ℓ Lyα (X) using results from z = 0 surveys of Lyα absorbers (Penton et al. 2004; ). Each band corresponds to a limiting equivalent width, which for low W Lyα values translates directly to a limiting column density.
15 Overplotted on Figure 8 is a black, solid curve that shows the cumulative inferred contribution to ℓ Lyα (X) of virialized galactic halos as a function of galaxy luminosity. For this calculation, we have estimated n c from the galaxy luminosity function of Blanton et al. (2003) taking h = 0.72. We have also assumed that A Lyα p = πr 2 vir with r vir given by equation 1. It is obvious that bright galaxies (L > L * ) can only contribute a small fraction of the total incidence of Lyα absorbers. Integrating down to L = 0.01L * , the approximate limit of the LCO/WFCCD survey, we infer ℓ rvir Lyα (X; L > 0.01L * ) ≈ 15. Tumlinson & Fang (2005) recovered a similar estimate for galactic halos (in the context of O VI absorption) in an analysis that also accounted for the clustering of galaxies. The estimate lies below all of the ℓ Lyα (X) estimates shown in Figure 8 , except the strongest Lyα lines (W Lyα > 300 mÅ). We conclude, therefore, that the virialized halos of individual galaxies can only account for the strongest Lyα absorbers (W Lyα > 300 mÅ) observed in the low-z IGM. On the other hand, the results presented in Figures 1-3 indicate systems with ρ < r vir to L > 0.1L * galaxies do exhibit a high covering fraction to W Lyα > 300 mÅ absorption. One further concludes that the majority of strong Lyα absorbers must arise from gas in galactic halos.
As emphasized throughout this section, galaxies are also surrounded by a CGM with nearly unit covering fraction for W Lyα > 50 mÅ to ρ = 300 kpc (Figure 6b ). The dashed blue curve in Figure 8 shows an estimate of the cumulative incidence of Lyα absorbers derived under the assumption that a CGM with r CGM = 300 kpc surrounds every galaxy with unit covering fraction, i.e. A Lyα p = πr 2 CGM , independent of galaxy luminosity. This increases the estimated ℓ Lyα (X) value relative to the estimate for virialized halos, especially for galaxies with r vir ≪ 300 kpc. Nevertheless, even the gas from the extended CGM of galaxies cannot match the observed incidence of weak Lyα absorbers. 16 We conclude that the overwhelming majority of Lyα lines detected from the IGM arise in structures located at distances beyond several hundred kpc from L > 0.01L * galaxies. One must seek an additional origin for the majority of IGM absorption then gas surrounding galaxies.
For nearly two decades, researchers have performed hydrodynamic cosmological simulations of the IGM to simulate and study the Lyα forest (e.g. Miralda-Escudé et al. 1996; Gnedin & Hui 1998) . This includes several analyses of the low-z IGM (Davé et al. 1999; Cen & Ostriker 1999; Richter et al. 2006; Paschos et al. 2009 ). Regarding Lyα absorption, the low-z studies have focused primarily on the distributions of H I column density and Doppler parameter and on associating the gas to various phases of the universe. In their recent publication, Davé et al. (2010) have reported that the majority of observable Lyα absorption (systems with N HI ≈ 10 13 -10 15 cm −2 ) is associated with diffuse, photoionized gas at temperatures of ∼ 10 4 K, with density n H ≈ 10 −4 -10 −6 cm −3 , and arising in structures with characteristic sizes of several hundred kpc to 1 Mpc. These structures, which trace large-scale overdensities in the low-z universe, presumably also contain galaxies. In their first paper, Davé et al. (1999) examined the association of galaxies to the IGM and found that the cosmological simulations reasonably reproduced the observed high incidence of Lyα absorption at small impact parameters to galaxies. They also roughly reproduced the observed relation between equivalent width and impact parameter to ρ ≈ 1 Mpc. The majority of these Lyα absorbers arise in shocked or diffuse gas surrounding the galaxies and the gas is not bound to them. The overall incidence of Lyα, meanwhile, is dominated by gas at ρ ≫ 100 kpc from galaxies. Their results 16 Our estimate could be increased by a modest factor if we allowed that one galaxy may give rise to multiple Lyα absorbers. On the other hand, Bowen et al. (2002) have noted that Lyα 'clusters' are likely associated with galaxy groups (i.e. multiple galaxies).
appear, at least qualitatively, to provide a reasonable match to our new observations although we encourage future, quantitative comparison. We are further compelled, therefore, to support this model over ones where virialized halos or the extended CGM associated with discrete galaxies dominate the observed IGM.
The cosmological simulations described above predict that the gas arises in a filamentary network of overdensities, known as the "cosmic web", that permeates the universe. In this same framework, galaxies form within the filaments and galaxy clusters are produced at the nodes where filaments intersect. The observed distribution of galaxies in wide-field surveys generally support this picture (Gott et al. 2009; Bond et al. 2010) . Inspired by this paradigm, we introduce a simple filament model to interpret the trends observed in Figure 6 . The model assumes that each galaxy in the LCO/WFCCD survey resides at the center of a filamentary structure, generally not at a node. The filaments have a finite width w but are presumed to be infinitely long.
17 In this simple scenario, the covering fraction to Lyα absorption associated with a galaxy is purely geometrical. It is unity for ρ < w/2 and decreases at larger values. Overplotted in Figure 6b is the predicted covering fraction for this simple model with w = 400 kpc. This model shows good agreement with the observations despite its simplicity. It suggests that the overdense structures hosting z ∼ 0 galaxies have characteristic dimension of several hundred kpc. Indeed, Davé et al. (2010) estimate that w ∼ 400 kpc corresponds to absorbers with N HI ≈ 10 13.3 cm −2 , a characteristic value for the gas analyzed here. Lastly, if such filaments dominate the incidence of Lyα in the observed IGM then their filling factor of galaxies must be low so that galaxies are only rarely associated with Lyα absorption (Figures 4 and 8) . We infer that only rare 'patches' of filaments contain L > 0.01L * galaxies.
4.2.
O VI Let us now consider O VI gas and its relation to galaxies in the z ∼ 0 universe. Aside from the H I Lyman series, the most commonly detected absorption lines of the low-z IGM are the O VI doublet. This reflects the high number abundance of oxygen, the ease of identifying a line doublet, and the predominance of regions within the IGM that can produce the O +5 ion. With the launch of HST and its suite of UV spectrometers, O VI has been surveyed from z ≈ 0.2-1 (Burles & Tytler 1996; Tripp et al. 2000 Tripp et al. , 2008 Thom & Chen 2008b; Danforth & Shull 2008) . Secondly, the FUSE spectrometer, which operated at λ ≈ 910-1150Å for nearly a decade, enabled the search for intergalactic O VI down to z = 0 (Prochaska et al. 2004; Danforth et al. 2006; ). Together, these surveys have discovered over 100 O VI doublets to establish their incidence as a function of equivalent width (and column density), to characterize their relation to H I gas, and to measure their distribution of line widths.
Previous work has proposed a variety of origins for this O VI absorption. On the smallest scales, the high incidence of O VI detections in the halo of our Galaxy (Sembach et al. 2003 ) implies a high filling factor of such gas in the dark matter halos of L ≈ L * galaxies. This assertion has now been confirmed, at least for blue and star-forming L * galaxies at z ∼ 0.2 (Tumlinson et al., in prep.) . At the largest scales (i.e. intergalactic), cosmological simulations predict that the WHIM comprises 25% of the baryons in the modern universe, and some models also predict that this gas gives rise to a significant fraction of the observed O VI absorption (e.g. Cen & Fang 2006) . In between these extremes, the intragroup medium (revealed in some cases by X-ray emission) may have the density and temperature required to yield significant O VI absorption (Mulchaey et al. 1996) . Of course, each of these environments is likely to contribute, and each could even dominate at different O VI equivalent width.
A key approach to discriminating among these scenarios is to explore the association between O VI gas and galaxies. Tumlinson & Fang (2005) compared the incidence of O VI absorption against predictions for low-z galaxies as characterized by SDSS and concluded that bright galaxies (L > L * ) could not reproduce the observed rate. They suggested that fainter galaxies may explain the observed incidence if dwarf galaxies were surrounded by an enriched medium to ≈ 200 kpc. Stocke et al. (2006) have correlated L > 0.1L * galaxies with 9 O VI absorbers in several fields and reported a median offset of ≈ 180 h −1 70 kpc. They argued that O VI gas is predominantly associated with individual galaxies and speculated that galaxies with L < 0.1L * dominate. surveyed 6 field galaxies at z ≈ 0 with L ≥ 0.1L * and ρ < 350 kpc and reported O VI detections for 2/3. They also argued that gas in the extended surroundings of galaxies contributes significantly to O VI (and Lyα) absorption.
The results presented in this paper offer new insight into the origin of O VI at modest to large equivalent widths (W 1031 30 mÅ). Our survey and analysis has focused on the properties of galaxy halos and the extended CGM as related to Lyα and O VI absorption. In contrast to Lyα (as discussed in the previous subsection), the association between galaxies and O VI shows a strong dependence on galaxy luminosity. In § 3.1 (Figure 1) , we showed that sightlines at impact parameters ρ < 300 kpc to dwarf galaxies (L < 0.1L * ) rarely exhibit O VI absorption. Furthermore, the few dwarfs with associated O VI gas also had a neighboring L > 0.1L * galaxy within ρ = 200 kpc of the sightline. The implication is that the extended CGM of dwarf galaxies 18 does not contribute significantly to O VI absorption with W 1031 50 mÅ. For the brightest galaxies (L > L * ), we found a high incidence of O VI detections for ρ < 225 kpc but not a single detection beyond (to sensitive limits; Figure 2 , Table 4 ). In Figure 7b , we have extended the search for O VI associations with L * galaxies to 1 Mpc. Although there are a few detections for ρ > 300 kpc, the majority of these cases also show an additional, fainter (L < L * ) galaxy located within ρ = 300 kpc of the sightline. We conclude that the covering fraction of O VI gas around L * galaxies is small for ρ 250 kpc (see also .
In contrast to the faint and bright galaxies, the inter-18 Gas within the virialized halos of dwarf galaxies (i.e., at ρ 50 kpc), however, was not well probed by our survey. mediate sub-L * population exhibits a high incidence of O VI at all impact parameters ρ < 300 kpc (Figure 3 ). This conclusion is independent of spectral type; we find associated O VI for sub-L * galaxies with early-type (presumed 'red and dead') and late-type (star-forming) spectra. Combining these results, we associate O VI gas preferentially with the halos and CGM of sub-L * galaxies. But this begs the obvious question, are these galaxies sufficiently common that they trace the majority of O VI in the universe? Or does O VI also arise from an additional reservoir, as we found for weak Lyα absorbers?
In Figure 9 , we plot the incidence per unit pathlength dX of O VI absorption, ℓ OVI (X), estimated from the incidence per unit redshift ℓ OVI (z) measurements of Tripp et al. (2008) for several equivalent width limits. Formally, we have converted their estimates of the incidence per unit redshift ℓ(z) measured at z ≈ 0.2 to ℓ(X) (Equation 4), which implies a downward correction of ≈ 30%. The width of the hatched regions indicate the 1σ uncertainties reported by Tripp et al. (2008) and we caution that systematic bias may have led to a modest overestimate in these ℓ OVI (X) evaluations (Thom & Chen 2008a) . Overlaid on the observational estimates of ℓ OVI (X), we plot the predicted incidences of O VI from each of our galaxy subsets. The solid bars show the estimated contribution from gas within the virialized halos of each galaxy sample. In each case, we have estimated n c from the galaxy luminosity function 19 of Blanton et al. (2003) None of the galaxy populations (on their own) can account for the incidence of the commonly observed O VI absorbers if one restricts to virialized halos. For the L * galaxies, the estimated incidence is ≈ 10% of the total, in line with the model predictions by Tumlinson & Fang (2005) . Furthermore, dwarf galaxies may give rise to as much as 20-30% of the total incidence but we caution that the estimate shown in Figure 9 assumes a higher covering fraction to O VI for dwarfs than supported by our observations (Figure 1) Tumlinson & Fang (2005) . The above conclusion is also supported by the results presented in Figure 5 , where we found that very few O VI absorbers are coincident with the virialized halo of a galaxy. We further emphasize that the z ∼ 0 luminosity function is too shallow (Φ ∝ L −1 ) for fainter galaxies to qualitatively modify this conclusion. (Tripp et al. 2008 ). The solid vertical bars indicate estimates of the incidence of O VI absorption for gas in the virialized halos of dwarf (black; 0.01L * < L < 0.1L * ), sub-L * (blue; 0.1L * < L < L * ), and L > L * (red) galaxies. For these estimates we have assumed virial radii of r vir = 100, 160 and 250 kpc respectively, and that the halos have a covering fraction of 100% to O VI. Under this parameterization, virialized halos of galaxies only account for stronger O VI systems. The hatched, blue bar gives the estimate of ℓ OVI (X) for gas in the extended CGM of sub-L * galaxies assuming a 100% covering fraction to ρ = r CGM = 300 kpc, as suggested by our LCO/WFCCD survey (Figure 3) . The excellent correspondence with the observed ℓ OVI (X) value for W 1031 > 30 mÅ indicates that the remainder of O VI systems arise in this extended CGM. We conclude that the majority of O VI gas observed in the low-z IGM arises in the diffuse medium surrounding individual galaxies (predominantly L ≈ 0.3L * ), and that it rarely originates in the WHIM predicted by cosmological simulations.
the other hand, one may attribute the strongest O VI absorbers (W 1031 > 100 mÅ) to virialized halos and, by inference, galactic-scale processes. In fact, one must conclude from the results presented in Figures 1-3 , 5, and 9 that the majority of strong O VI systems arise from with the halos of individual galaxies.
With virialized halos ruled out as the dominant origin of O VI gas (by frequency of absorption not necessarily by mass), we now consider the extended CGM surrounding z ∼ 0 galaxies. As emphasized above, we find a significant covering fraction to ρ = 300 kpc for the sub-L * galaxies (Figure 3) . Overlaid on the ℓ OVI (X) estimate for virialized halos of the sub-L * galaxies is a hatched bar that represents the contribution to ℓ OVI (X) from an extended CGM surrounding each sub-L * galaxy. This hatched bar assumes A
with r CGM = 300 kpc and a 100% covering fraction for W 1031 ≥ 30 mÅ. This amounts to a several times higher faint-end, one would require a much steeper slope than currently estimated for faint galaxies to significantly contribute.
incidence of O VI absorption. Remarkably, we find that the extended CGM of sub-L * galaxies reproduces the incidence of all O VI absorbers with W 1031 30 mÅ! Of course, these results follow from the close association of galaxies to O VI absorbers ( Figure 5 ) and the high covering fraction of O VI gas surrounding sub-L * galaxies (Figure 3) . While one could reduce this estimate by a factor of order unity (e.g. by assuming a smaller covering fraction), we conclude that the extended CGM of sub-L * galaxies is the primary reservoir of O VI gas observed in the z ∼ 0 IGM. This final conclusion, which draws a distinction between virialized halos of sub-L * galaxies and their extended CGM, is sensitive to the precise definition of a galaxy halo and its radius. We encourage additional theoretical exploration into the nature and extent of virialized gas in the halos of subluminous, low-z galaxies.
Let us now consider the implications of an extended CGM that gives rise to significant O VI absorption surrounding sub-L * galaxies. First, we note that this CGM may include neighboring galaxies, the intragroup medium, and the diffuse medium that envelops the galax-ies (e.g. filaments). Regarding neighboring galaxies,
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we have already demonstrated that virialized halos contribute only modestly to the incidence of O VI. By the same argument, they cannot dominate the detections associated with the extended CGM of sub-L * galaxies. Regarding the intragroup medium, only a subset of sub-L * galaxies exhibit galaxy overdensities suggestive of a group (Table 5) . We infer, therefore, that this extended CGM is best described by a diffuse, modestly overdense (δ 10) medium. In the IGM paradigm of undulating Gunn-Peterson absorption, such overdensities naturally give rise to significant H I absorption. Indeed, as discussed above, Lyα absorption is a ubiquitous phenomenon for galaxies of all luminosity, and every O VI absorber detected to date shows corresponding Lyα absorption (Thom & Chen 2008b) . Although one may naturally expect H I absorption from an overdense region of the universe, the detection of O VI further requires a chemically enriched medium and the physical conditions that produce the O +5 ion. Regarding the former, our results require that the CGM of sub-L * has been polluted by metals on scales of several hundred kpc. Although many of the sub-L * galaxies in our sample show the spectral signatures of ongoing starformation, these are not star-bursting systems, and they are unlikely to currently be driving galactic-scale winds to such large distances. We infer, therefore, that this CGM was previously enriched. Current estimates for the metallicites of the O VI absorbers suggest values ranging from 0.01 to nearly solar abundance with a median of ≈ 0.1 solar (e.g. Prochaska et al. 2004; Cooksey et al. 2008; Thom & Chen 2008a; Danforth & Shull 2008 ). This enrichment level exceeds predictions from the first stars (e.g. Wise et al. 2010 ) indicating a subsequent phase of star-formation is required. The medium is too diffuse to form metals in situ, and therefore, these must have been transported by distances of 100 kpc or more. The proximity of the sub-L * galaxy suggests that the oxygen was produced in that system, yet this is purely speculative. We also note, following the mass estimate from § 4.1 (Equation 3 ), that a 0.1 solar metallicity implies a metal mass equivalent to ≈ 3 × 10 9 M ⊙ of solar metallicity stars. This could exceed the total mass in metals within a typical sub-L * galaxy and its satellites, which would require mass outflow rates from galactic winds that match or exceed the star-formation rate (e.g. Weiner et al. 2009 ). Comprehensive modeling of the chemical enrichment of the IGM that includes galaxy formation and metal transport are required to further explore this topic (e.g. Cen & Ostriker 2006; Ganguly et al. 2008; Oppenheimer & Davé 2008 ).
In addition to containing oxygen, this CGM must have the appropriate density and/or temperature for a significant fraction of oxygen to exist as O +5 . One process to produce O +5 is via collisional ionization (CI) which requires temperatures on the order of T ∼ 10 5 -10 6 K. The other obvious mechanism to produce O +5 is with photoionization, which requires photons with energies hν > 8 Ryd. Such hard photons are only produced by AGN, and the extragalactic UV background (EUVB) is the obvious source of such radiation when one is far from active galaxies.
Consider first several inferences one may draw from our association of O VI to the extended CGM of sub-L * galaxies. If the extended CGM (almost by definition) lies beyond the virialized radius of these galaxies, one may not expect a collisionally ionized medium. Furthermore, the majority of these sub-L * galaxies are not obviously located within a larger dark matter halo (e.g. a group or cluster). Therefore, this gas may not have been virialized to T ≫ 10 4 K. One would require instead gravitationallyinduced shock-heating from larger scales. Indeed, the collapse of large-scale density 'waves' is predicted to drive the production of the WHIM in cosmological simulations (e.g. Cen & Ostriker 1999; Davé et al. 2001 ) and may, in principle, heat the CGM of sub-L * galaxies. Although this is plausible, these waves are generally predicted to 'crash' on larger scales (many Mpc) than the several hundred kpc scales of the CGM. Indeed, Ganguly et al. (2008) analyzed the average impact parameter to galaxies of O VI gas arising in the WHIM. They found in their simulations that only ≈ 1% of O VI detections with W 1031 ≥ 50 mÅ would have a L > 0.01L * galaxy within 300 kpc. This prediction is strongly ruled out by our observations (see also ). By inference, we conclude that O VI gas observed in the low-z IGM does not typically trace a collisionally ionized WHIM.
Empirically, the ionization mechanism for observed O VI absorbers remains a matter of great debate. We support (and have contributed to) arguments that conclude most O VI systems are not collisionally ionized (Prochaska et al. 2004; Tripp et al. 2008; Thom & Chen 2008a ). The evidence includes the close alignment of H I gas with O VI, the narrowness of the coincident Lyα absorption (and of O VI itself), and the very frequent detection of coincident C III absorption. On the other hand, see Fox (2011) for a set of arguments against O VI arising in predominantly photoionized gas. Given the results presented above, we may at least consider whether a photoionized, extended CGM of sub-L * galaxies may naturally support O VI absorption.
Under the assumptions that the gas is optically thin to ionizing radiation and that the UV radiation field is dominated by a typical AGN spectrum (f ν ∝ ν −1.6 ), standard photoionization calculations indicate that an ionization parameter 22 U 10 −1 is required to produce a significant fraction of O +5 ions. To achieve U 10 −1 with current estimates for the EUVB (e.g. CUBA, which predicts J ν ≈ 10 −25 erg s −1 Hz −1 cm −2 at 8 Ryd; Haardt & Madau 1996) , this demands a volume density n H 10 −5 cm −3 . This value is roughly 50× the mean baryonic density at z ∼ 0 suggesting an overdensity δ 50. These same photoionization calculations imply a size for the structure of d ∼ 300 kpc (N HI /10 14 cm −2 ). The constraints on n H and d give plausible values for the extended CGM of sub-L * galaxies. They imply a gas that is overdense yet not virialized (δ ≪ 200). Furthermore, the inferred size of the structures coincides with the dimensions inferred from our analysis. We conclude that the gas in the extended CGM could be predominantly photoionized material giving rise to O VI absorption.
We have developed the following picture for O VI absorption in the low-z IGM: the gas has density n H ≈ 10 −5 cm −3 , is predominantly photoionized, and is primarily located in the extended CGM of sub-L * galaxies. The oxygen was produced in a previous episode of star-formation (perhaps by the observed sub-L * galaxy) and has been transported to the CGM by one or more processes. Remarkably, this scenario is qualitatively consistent with the model for O VI described by Oppenheimer & Davé (2009) . In their cosmological simulations, oxygen is produced at earlier times (often z > 1) in a star-bursting galaxy whose galactic-scale wind transports the metals to the surrounding, overdense IGM. This gas is observed today primarily as photoionized O VI and is coupled to significant H I absorption mainly because both exist in overdense regions. Oppenheimer & Davé (2009) studied the equivalent width and Doppler parameter distribution of O VI gas and found their model gives reasonably good agreement to the observed distribution 23 . These authors also performed a qualitative analysis on the connection between O VI absorption and galaxies (their Figures 14 and 15) . They found O VI gas is generally located at several virial radii (∼ 100-300 kpc) from galaxies with masses M gal ∼ 10 9.5−10 M ⊙ (∼ 0.03-0.1M * ). Although these separations are consistent with our results, the typical galaxy mass may be lower than that of the average sub-L * galaxy. We encourage further analysis to consider the covering fraction to O VI absorption as a function of galaxy luminosity (e.g. Ganguly et al. 2008 ). The data also permits one to examine trends between the galactic mass and environment with the observed equivalent widths of absorption.
Before concluding, it is worth speculating on why the extended CGM for L * and dwarf galaxies would have a lower covering fraction than that observed for sub-L * galaxies. Regarding dwarf galaxies, there are several plausible explanations. First, these galaxies generally show lower N HI values on average suggesting lower total gas columns. Second, it is possible that the CGM of dwarf galaxies is chemically poor in comparison to brighter galaxies.
24 Lastly, the physical conditions of the gas (temperature, density) in the CGM surrounding dwarf galaxies may not support the O +5 ion, e.g. the gas may have too low volume density. Together, these effects could reduce the associated O VI absorption to equivalent widths below typical detection limits.
For the L * galaxies, however, we observe H I column densities at least as large as those observed for the sub-L * galaxies (Table 6 ). One may also expect the gas to have higher metallicity.
25 If the lower incidence of O VI absorption is unrelated to differences in chemical enrichment, then the result must relate to the physical conditions of the gas, i.e., the extended CGM of L * galaxies 23 These authors had to include turbulent broadening, added in post-processing, to explain the observed linewidths of O VI.
24 An ongoing Cycle 18 HST/COS program will assess the chemical enrichment of gas associated with dwarf galaxies (PI: Tumlinson; 1224).
25 Although, one could also speculate that the larger potential well of L * galaxies prevents the transport of metals beyond their virialized halos (e.g. Oppenheimer & Davé 2008) . This hypothesis, however, is apparently not supported by current research on galactic-scale winds (e.g. Weiner et al. 2009; Rubin et al. 2010 ).
has a density and/or temperature that is not favorable for O +5 ions. Under the assumption of photoionization by the EUVB, the gas must have n H ≈ 10 −5 cm −3 for its ionization potential to favor O +5 ions. If the CGM of L * galaxies is ≈ 10× higher than that of sub-L * galaxies at ρ ∼ 200 kpc, then this could explain the preponderance of non-detections. In this scenario, one would predict the detection of metals at ρ ∼ 200 kpc from L * galaxies in lower ionization states (e.g. C IV, C III). One might then expect a higher incidence of detections at somewhat larger impact parameters, 26 but this is not observed (Figure 7b) . As a final alternative, it is possible that gas at ρ ∼ 250 kpc from an L * galaxy has been shock-heated to T ≫ 10 5 K. Indeed, these galaxies are more frequently members of a group, i.e. embedded within a larger, virialized halo.
SUMMARY
With this paper we have examined the associations of galaxies to Lyα and O VI absorption in the low-z IGM to explore the origin of this gas. Specifically, we have correlated galaxies from our LCO/WFCCD galaxy survey (Prochaska et al. 2011 ) and IGM absorption from published line-lists of HST and FUSE UV quasar spectra. These two datasets are essentially independent of one another, although we have supplemented the IGM linelists with our own analysis of the quasar sightlines. The following bullets summarize our main findings:
• Galaxies of all luminosity (L > 0.01L * ) and spectral-type show strong, associated Lyα absorption to impact parameter ρ ≈ 300 kpc with a very high covering fraction (≈ 90%). The strongest H I absorbers (W Lyα 1Å) are preferentially associated with brighter galaxies (L > 0.1L * ).
• We estimate a baryonic mass for this extended circumgalactic medium (CGM) of M CGM ≈ 3 × 10 10 M ⊙ (N H,CGM /10 19 cm −2 )(r CGM /300 kpc) 2 , having adopted a constant H I column density N H,CGM .
• Galaxies with luminosities L > 0.1L * exhibit a high covering fraction (> 80%) for significant O VI absorption to ρ = 200 kpc and to 300 kpc for sub-L * galaxies. Dwarf galaxies (L < 0.1L * ) exhibit a low covering fraction for ρ > 50 kpc.
• Despite these high covering fractions of Lyα and O VI absorption, there are examples of nondetections to very sensitive limits, even at very low impact parameters (ρ 50 kpc).
• We observe a declining covering fraction and median equivalent width for Lyα to ρ = 1 Mpc. The equivalent widths of the positive detections at ρ > 100 kpc may be described by a power-law, W Lyα (ρ) = 3.3Å (ρ/1 kpc) −0.43 , but with great scatter.
• To ρ = 1 Mpc, L * galaxies show two distinct distributions of Lyα absorption: (i) a set of positive
